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Introduction
There are an estimated 21,290 new cases of epithelial ovarian cancer (EOC) and 14,180 deaths attributable to this disease in 2015 (Cancer Facts and Figures 2015, American Cancer Society). Of these new cases, approximately 10-15% are estimated to harbor underlying germline mutations in either BRCA1 (breast cancer type 1 susceptibility protein) or BRCA2 (breast cancer type 2 susceptibility protein). 1, 2 There is increasing evidence that many EOC tumors harbor somatic mutations in BRCA1 or 2, and these tumors are phenotypically and clinically similar to tumors with germline BRCA mutations. 3, 4 It is also increasingly appreciated that the abundance level of the BRCA1 protein (BRCA1) can be variable in EOC, resulting from either genetic or epigenetic mechanisms. 5 As such, it is imperative to further our understanding of BRCA from a molecular standpoint to better understand etiology, disease progression, and response to chemotherapy and/or molecularly-targeted therapy in this group of patients.
BRCA1 encodes an 1863 amino acid protein that contains several functional regions including RING (Really interesting new gene) and BRCT (BRCA1 C-terminal) domains at the N-and C-termini, respectively. It functions as an E3-class ubiquitin ligase when it is in heterodimer with BARD1 (BRCA1-associated RING domain protein-1). BRCA1 is responsible for multiple functions related to DNA damage response and repair, transcription, cell-cycle check-point regulation, DNA decatenation, protein ubiquitination and apoptosis. [6] [7] [8] [9] [10] There is emerging evidence that BRCA1 also plays a role in cell migration and invasion. Full-length BRCA1 restoration in immortalized human mammary epithelial cell line that harbors BRCA1 mutation leads to alteration in the expression of several proteins that are important for initiation of invasion and metastasis (E-cadherin, P-cadherin, caveolin and ID1 (inhibitor of differentiation-1)) with concomitant inhibition of cell migration and invasion. 11 Whether there is a direct causal relationship between BRCA1-dependent changes in the expression of any of those proteins and cell motility is yet to be demonstrated. Another study revealed that BRCA1 interacts with ezrin-radixin-moesin (ERM), a family of proteins that connect plasma membrane to the underlying actin cytoskeleton, and co-localizes with F-actin at the plasma membrane at the leading edges and focal adhesions. Disruption of this endogenous interaction through forced expression of a truncated form of BRCA1 that retains its C-terminus but lacks the N-terminal ubiquitin ligase domain induces delay in spreading but increases the spontaneous motility of human breast cancer cells. These findings led to a model that BRCA1 suppresses motility of breast cancer cells through its ubiquitin ligase activity at least partly via regulating ERM protein content at the membrane. 12 How BRCA1 affects migration of other types of carcinoma cells has not been studied.
BRCA1 is involved in multiple levels of gene expression control. To date, attempts to define a molecular profile of BRCA deficiency have focused primarily on DNA microarray-based gene expression analyses. [13] [14] [15] However, these types of analyses fail to reveal post-transcriptional and post-translational changes in gene expression. In this study, we assessed for the first time global proteomic changes associated with BRCA1 deficiency in highly annotated ovarian cancer patient tumor specimens to identify novel targets of BRCA1 that are involved in actin cytoskeletal remodeling and cell migration, and have clinical association to advanced stage ovarian cancer.
Results and Discussion
To assess proteomic changes associated by BRCA1 deficiency in EOC, we performed global proteomic analyses of formalinfixed, paraffin-embedded (FFPE) EOC patient tissue specimens (8 patients with a known deleterious mutation in BRCA1 and 5 patients with wild-type (WT) BRCA1 status, Table S1 ). Tumor stages were defined by 2014 International Federation of Gynecology and Obstetrics (FIGO) guidelines (Stage I: tumor confined to ovaries; Stage II: tumor involves one or both ovaries with pelvic extension (i.e below the pelvic brim) or primary peritoneal cancer; Stage III: tumor involves one or both ovaries, confirmed spread to extra-pelvic peritoneum and/or metastasis to the retroperitoneal lymph nodes; Stage IV: distant metastasis excluding peritoneal metastasis). We found 67 differentially abundant proteins between the 2 cohorts with P < 0.05 (see Fig. 1A for cluster diagram and Table S2 for a complete list of those proteins and associated fold-changes, respectively). Differentially expressed proteins could be categorized into several functional groups including bioenergetics, cytoskeletal support and regulation, lipid metabolism, gene transcription, protein translation, immune regulation, RNA-binding, protein ubiquitination, protein folding and secretion, and signal transduction (Fig. 1B) . Functional diversity of differentially expressed proteins suggests that loss of BRCA1 function has pleotropic effects in ovarian cancer cells. Clearly our observation that expressions of several proteins involved in ubiquitination pathway (cullin-associated NEDD8-dissociated protein, 2 proteasome subunits) are altered in BRCA1-deficient tumors is interesting in light of previous findings that implicated BRCA1 controls cell motility at least partly via its ubiquitin ligase activity. 12 We identified 7 candidate proteins that showed at least 1.5-fold change in abundance and have established connections to regulation of cell migration and invasion. Six out of these 7 proteins are known to either directly or indirectly influence actin cytoskeleton and/or cell adhesion. These include:
Calpain-1 catalytic subunit (CAPN1 -increased by 16.9-fold): CAPN1 is the ubiquitously expressed member of CAPN family of calcium-dependent cysteine proteases that is implicated in regulation of actin cytoskeleton and cell migration. 16 As adhesionassociated proteins are proteolytic targets of CAPN, inhibition of CAPN leads to increased stability of cell-substrate adhesion and reduced cell migration. 17, 18 CAPN1 has been also shown to proteolyze RhoA which can inhibit cell spreading, 19 an important aspect for cell migration. Depending on the tumor type, CAPN family of proteins is differentially expressed in tumors relative to their normal counterparts. Overexpression of one or more members of CAPN family of proteins (CAPN1, CAPN2) has been noted in breast, colorectal, meningiomas and renal cell carcinomas. [20] [21] [22] [23] However, in the case of gynecological (ovarian, endometrial) cancers, CAPN expression/activity appears to be inversely correlated with the tumor grade and/or overall survival as suggested by a limited number of clinical correlation studies. 24, 25 Therefore, the role of CAPN family proteins in tumor pathogenesis and progression appears to be context-specific.
14-3-3 (increased by 2.8-fold): Because of its ability to interact with many functionally diverse signaling proteins (kinases, phosphatases, and transmembrane receptors), 14-3-3 is traditionally recognized as a signal transduction protein. However, it also associates with actin cytoskeleton 26 and regulates actin remodeling pathways. For example, it inhibits Rho-GDI (a negative regulator of Rho GTPases) and in turn activates Rho-ROCK (Rhoassociated coiled-coiled kinase) pathway, an important signaling arm for control of actin polymerization. 27 It also prevents inactivation of cofilin (CFN -an F-actin-depolymerizing factor which is required for accelerating actin dynamics at the leading edge of migrating cells) through increasing the cellular pool of slingshot (a phosphatase that dephosphorylates and maintains cofilin in an active state). 28 14-3-3 family proteins promote cell migration 29 and have been reported to be overexpressed and associated with malignancy in human cancers including ovarian cancer.
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Protein phosphatase 2A (PP2A -increased by 5.3-fold): PP2A, a broad spectrum serine/threonine phosphatase is an important regulator of many signal transduction pathways that involve serine/threonine phosphorylation. It regulates the activities of CAPN1 31 and focal adhesion proteins (such as paxillin) 32 thereby influencing the stability of focal adhesion complexes. PP2A is also involved in dephosphorylation of CFN1 and therefore regulation of actin cytoskeleton. 33 Presumably through some of these actions, PP2A regulates cell migration. PP2A has been considered to be a suppressor of tumor growth and metastasis, and it is frequently mutated in gynecological cancers (more prevalent in endometrial than ovarian cancer) with poor prognosis. 34 Macrophage capping protein (CAPG -increased by 2.0 fold): CAPG modulates actin filament dynamics through capping the barbed ends of actin filaments. It acts as an oncogene in various carcinomas (pancreatic, melanoma), 35, 36 promotes cell migration and invasion of both breast and ovarian cancer cells, and has been implicated as a biomarker for stage III ovarian cancer. 37, 38 Tables S2 and  S3 for the list of proteins differentially expressed in BRCA1-mutant vs -WT tumors for these 2 sets of analyses. Hits that either directly or indirectly regulate actin cytoskeleton/cell adhesion and impact cell migration are indicated by arrows in cluster diagrams.
Non-erythrocytic spectrin beta-chain (SPTBN1 -decreased by 2.5-fold): Spectrin acts as scaffolding protein for the actin cytoskeleton by linking the plasma membrane to actin filaments. Spectrin plays a key role in determining the cell shape and organization of organelles in the cell, and reduced expression of beta1-spectrin (SPTBN1) correlates with poorer prognosis for pancreatic cancer patients. 39 Although the role of spectrin has not been directly investigated in the context of ovarian cancer cell migration and metastasis, spectrin family proteins have been implicated in drug resistance to cisplatin therapy in serous ovarian cancer.
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Profilin1 (PFN1 -increased by 1.75-fold): PFN1 is a ubiquitously expressed G-actin-binding protein that is directly involved in regulating actin polymerization in cells. In most physiological contexts, functional loss of PFN1 causes defects in membrane protrusion and/or cell-matrix adhesion leading to impaired cell motility and ECM invasion. [41] [42] [43] [44] Consistent with this pro-migratory function of PFN1, high cytoplasmic expression of PFN1 has been reported to be associated with advanced stage and shorter disease-free survival in clear cell renal cell carcinoma. 45 On contrary, breast cancer cells become hypermotile upon downregulation of either PFN1 or its close isoform PFN2, and this correlates with the clinical findings of prominent PFN1 downregulation associated with metastatic propensity in human breast cancer. [46] [47] [48] Thus, PFN1 appears to have a tissue context-specific role in cell migration and tumor malignancy. PFN1's role is yet to be studied in the context of gynecological cancer.
The only other protein which showed prominent change in expression associated with BRCA1 deficiency and is known to influence cell migration is Hypoxia upregulated protein 1 (HYOU1 -increased by 4.8-fold), a molecular regulator of cell signaling. HYOU1 is an oxygen-regulated molecular chaperone that belongs to the family of heat shock and ER-stress proteins. HYOU1 is upregulated in invasive human breast and head and neck cancers, and, at least, in the case of breast cancer, overexpression of HYOU1 is associated with increased lymphovascular infiltration. 49, 50 HYOU1 has been shown to influence cell migration through regulating chemokine secretion. 51 Given the heterogeneity of the patient population, a supervised cluster analysis was also performed taking into account tumor histology. When the cohorts of BRCA1 mutant (N D 5) and WT (N D 3) tumors were evaluated using only serous histology, a more striking clustering of differentially abundant proteins was observed ( Fig. 1C; see Table S2 for the list of 55 proteins that were found to be elevated in BRCA1-mutated cohort with P < 0.05). Note that »38% of hits found in mixed histology proteomic analyses (equivalent to 26 proteins) were also represented in the list of differentially expressed proteins for serous histology tumors. In addition to CAPN1 (increased by 8.8 fold), cofilin-1 (CFN1), another prominent regulator of actin cytoskeleton and cell migration, was found to be elevated (by 1.6 fold) in BRCA1-mutated cohort of serous histology. Upregulation of signaling pathways that inactivate CFN1 has been shown to promote ovarian cancer cell migration, and accordingly, expression of CFN1 positively correlates with differentiation status and progression-free survival of patients in ovarian cancer. 52 We noticed that limiting global proteomic analyses on serous tumor subset led to exclusion of PFN1, 14-3-3, HYOU 1, PP2A1, CAPG and SPTBN1 from the differentially expressed protein hits in the cluster diagram. We asked whether at least some of these proteins failed to meet the criterion for statistical significance because of non-parametric Wilcoxon Rank test adopted in the global proteomic analyses and even smaller sample size in serous cohort analyses. Indeed, when we used parametric Student's T-test to individually compare the mean spectral counts of these proteins, PFN1 (2-fold change; p D 0.005) and PP2A (8-fold change; p D 0.01) but not others were found to be differentially expressed between WT and BRCA1-mutant serous cohorts. We next queried whether any of the actin cytoskeleton-and/ or cell adhesion-modulatory proteins that are differentially expressed in BRCA1-deficient tumors has clinical association to advanced stage ovarian cancer. We compared the mean expression level of our genes of interest (CAPN1, 14-3-3, PP2A, CAPG, SPTBN1, PFN1, HYOU1, CFN1) between advanced (stages III and IV combined) and early (stages I and II combined) stage EOC from curated microarray dataset (source: TCGA (The Cancer Genome Atlas) database) derived from a total of 580 patient tumor samples. Five out of the 8 candidate genes (PFN1, 14-3-3, CFN1, CAPG, CAPN1) showed statistically significant difference in expression in primary tumors between advanced and early stage EOC. CAPG and CAPN1 exhibited an increase in expression in advanced stage EOC while PFN1, CFN1 and 14-3-3 showed a reverse trend (Fig. 2) . Together, our proteomic and gene expression analyses studies demonstrate that BRCA1 deficiency in EOC is associated with alteration in expression of several key actin cytoskeleton-and/or cell-adhesion regulatory proteins that also have clinical relevance to disease progression.
Of those 5 candidate actin cytoskeleton-and/or cell-adhesion regulatory proteins which revealed differential expression association to both BRCA1 status and advanced stage in ovarian cancer (CAPG, CAPN1, CFN1, PFN1, 14-3-3), we chose to further our studies on PFN1 as it is the only gene on this list that has not been studied at all in the context of ovarian cancer. We first corroborated the proteomic results by performing PFN1 immunostaining of tumor histosections from patient samples which showed the general trend of increased PFN1 expression in BRCA1-deficient tumors (Fig. 3A) . The average PFN1 immunoreactivity of BRCA1-mutant tumors was approximately »50% higher than that of WT tumor and the difference was statistically significant (P < 0.01) (Fig. 3B) . In alignment with these patient sample data, SKOV3, a BRCA1-proficient EOC cell line, exhibited markedly lower PFN1 expression when compared to BRCA1-deficient SNU-251 cell line (Fig. 3C) . Given our data showing differential expression of PFN1 associated with BRCA1 status in EOC, we asked whether BRCA1 can impact EOC cell motility through modulating PFN1 expression. To query BRCA1's role in EOC motility, we used UWB1.289 (UWB1 -a cell line derived from a serous EOC patient with a germline mutation in BRCA1 (2594delC)) and its isogenic counterpart UWB1.289-BRCA1 (UWB1-BRCA -in this cell line, BRCA1 is restored via stable transfection of full length BRCA1) 53 cell lines. As expected, UWB1 cells presented higher PFN1 expression than (Fig. 4A) further validating our proteomics-and immunohistochemistry-based finding of PFN1 elevation associated with BRCA1 mutation. BRCA1 restoration increased the average speed of UWB1 cells by »50% thus demonstrating that BRCA1 can promote EOC cell motility (Fig. 4B) . The average speed of UWB1-BRCA1 cells was dramatically reduced when PFN1 expression was elevated by transient overexpression of GFP-PFN1 (Fig. 4C) . PFN1-induced inhibition of cell motility was also observed in the case of BRCA1-proficient SKOV3 cells (Fig. 4D) . Conversely, PFN1 knockdown by transient transfection with a small hairpin RNA (shRNA) further enhanced the motility of UWB1-BRCA1 cells [ Fig. 4E ; the average reduction in Pfn1 expression by shRNA transfection was »75%, as judged by immunostaining method (Fig. S1)] . Together, these results demonstrate that PFN1 has an inhibitory action on EOC cell motility, and BRCA1 impacts EOC cell motility at least partly through altering PFN1 expression.
UWB1-BRCA1 cells
How might PFN1 exert an anti-migratory action in ovarian cancer cells? Besides actin, PFN1 also interacts with membrane phosphoinositides and a wide range of proteins containing poly-L-proline (PLP) motifs including many prominent regulators of actin cytoskeleton (e.g., N-WASP (Neural Wiskott Aldrich Syndrome protein), Arp (actin-related protein)-2/3, formins and Enabled/VASP (vasodilator activated phosphoprotein)). 54 We previously demonstrated that PFN1's inhibitory action on breast cancer cell migration/invasion is mediated by its phosphoinositide-binding rather than its interaction with actin, and this is through suppression of phosphoinositidedependent recruitment of pro-migratory protein complexes to the leading edge. 46 It is possible that a similar mechanism might be applicable in the case of EOC cells. Recently it has been demonstrated that depletion of PFN1 increases F-actin and Arp2/3 complex (a PLP-ligand of Pfn1 that initiates branched F-actin network formation through actin nucleation thereby leading to membrane protrusion) content at the lamellipodia in cells. 55 Therefore, an alternative possibility is that Pfn1 inhibits EOC cell motility via putting a brake on Arp2/3-mediated actin assembly at the leading edge. In addition to addressing these mechanistic questions, future studies should also explore whether there is any causal relationship between PFN1 downregulation and increased disseminative propensity of EOC cells in vivo.
Finally, how functional status of BRCA1 impacts PFN1 expression is not clear. It is possible that BRCA1 directly impinges on one of the regulatory pathways of PFN1 expression Gene expression analyses of TCGA data sets showed no significant change in PFN1 mRNA expression between BRCA1-WT vs -mutant tumors (data not shown). This could be due to very low number of BRCA-mutated samples (11 out of a total 304 patient tumors in TCGA data set that were characterized for somatic mutation) in the cohort failing to give us adequate power for statistical analyses. Based on the findings of our proteomic analyses that revealed alteration in expression of several proteins in protein ubiquitination pathway (cullin-associated NEDD8-dissociated protein, ubiquitin-thioesterase OTUB1 and 2 proteasome subunits -see Tables S2 and S3 ) in BRCA1-deficient tumors, it is highly possible that loss of BRCA1 function perturbs protein turnover pathways in cells thereby post-translationally influencing the expression of a range of target proteins including PFN1. Future studies are needed to resolve these outstanding questions.
In conclusion, we revealed association of functional status of BRCA1 with expression of several major regulators of actin cytoskeletal/cell adhesion remodeling and cell migration in EOC and further demonstrated differential expression of a subset of these proteins between early and advanced stage patient tumors. Therefore, this study opens up multiple possible avenues by which BRCA1 can potentially regulate migration and metastatic phenotype of EOC cells. Through further establishing a causal link between PFN1 and BRCA1-induced changes in EOC cell migration, we uncovered a novel mechanistic basis for BRCA1-mediated regulation of cell motility.
Methods and Materials

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
For these experiments, thin sections were prepared from FFPE samples on standard microscope slides, deparaffinized in xylene and rehydrated through graded ethanol washes. Cancerous epithelial cells were identified through microscopic evaluation and harvested by manual scraping. The harvested tissue samples were processed and digested with porcine sequencing grade modified trypsin (Promega) as previously described. 56 Samples were and desalted with PepClean columns according to the manufacturer's procedure (Pierce). Samples were dried by vacuum centrifugation and stored at ¡80 C until proteomic analysis. Peptide digests were resolved by nanoflow reversed-phase liquid chromatography (Ultimate 3000, Dionex Inc.) coupled online via electrospray ionization to a hybrid linear ion trap-Orbitrap Velos mass spectrometer (MS, ThermoFisher Scientific Inc.). Tandem mass spectra were searched against the UniProt human protein database (02/13 release) from the UniProt Knowledgebase (UniProtKB) website (http://www.uniprot.org/), using SEQUEST (Thermo Proteome Discoverer, v1.4.1.14, ThermoScientific). Search criteria were set as follows: peptides were searched fully tryptic with up to 2 missed cleavage sites, dynamic modification of methionine oxidation (15.9949 Da), precursor mass tolerance of 20 ppm and fragment ion tolerance of 0.5 Da. Peptide and protein identifications were further screened using Peptide Prophet algorithm and Protein Prophet Algorithm which was included in Scaffold proteome platform (v4.3.0, Proteome Software Inc.). Peptide identifications were accepted if they could be established at greater than 95.0% probability as specified by the Peptide Prophet. Protein identifications were accepted if they could be established at greater than 99.0% probability and contained at least 2 identified peptides. A false protein discovery rate of 0.9% and a false peptide discovery rate of 0.16% were determined by this criterion. A total of 55054 spectra and 775 protein groups were accepted. The qualitative differences in protein abundance between samples were derived by summing the total CID events that resulted in a positively identified peptide for a given protein accession across all samples (spectral counting). The proteins with differential abundance were identified using Wilcoxon rank-sum test. Significance level was set to P < 0.05. Hierarchical clustering was carried out using MATLAB (vR2011a, MathWorks, Inc.). The values for spectral counts were standardized for each protein so that each had a mean of 0 and a standard deviation of 1. Both sample distance and protein feature distance were calculated using Pearson's correlation and average linkage.
Fluorescence immunohistochemistry
Histosections were cleared using xylenes and rehydrated prior to antigen retrieval (DAKO, S1700, 10 mM Citrate, pH 6.0, 95 C, 25 min) Following retrieval, histosections were blocked with a H 2 O 2 solution (0.75% H 2 O 2 in methanol) for 30 minutes and then again in .3% BSA w/v in TBS-T. The primary target (anti-PFN1 (1:200; Novus Biologicals, http://www.uniprot.org/ )) was secondarily stained with DAKO EnVision C System HRP with Cy5-Tyramide Reagent Pack (1:50; PerkinElmer, K4002). Sections were also stained with anti-pan-cytokeratin (1:100; DAKO, http://www.dako.com/us/ar38/p103580/prod_prod-ucts.htm) and cytokeratin was counterstained with Alexa-546 (1:100; Life Technologies, http://www.lifetechnologies.com/ order/catalog/product/A11030).
Cell culture UWB1.289 and UWB-BRCA1 cell lines (ATCC (CRL-2945 and CRL-2946)) were cultured in 50% RPMI and 50% MEGM, supplemented with 3% fetal bovine serum at 37 C and 5% CO 2 . SKOV3 (ATCC) cell line was cultured in RPMI, supplemented with 10% fetal bovine serum at 37 C and 5% CO 2 .
Transfections
For all experiments, plasmid transfection was performed by Lipofectamine LTX (Life Technologies, http://www.lifetechnologies.com/order/catalog/product/15338100) transfection agent. Motility experiments were performed 48 h after transfection.
Cell motility assay For cell motility assessment, cells were sparsely plated on a 48-well tissue-culture plate and after an overnight incubation, timelapse imaging of randomly migrating cells was performed simultaneously at 4 locations and at an interval of 1 min for a total duration of 120 min. The acquired images were analyzed using the NIH ImageJ software to compute the total distance traveled by cells during the observation time. For box and whisker plots, x represents the mean, middle line of box indicates median, top of the box indicates 75th percentile, bottom of the box measures 25th percentile and the 2 whiskers indicate the 10th and 90th percentiles, respectively.
Protein extraction and immunoblotting
Whole cell protein extracts were prepared from »70% confluent cultures using 0.1% SDS-containing lysis buffer (50 mM Tris-HCl, 1 mM EDTA, 1 mM phenyl-methane-sulphonylfloride). Antibody concentrations used for immunobloting were as follows: antibodies. The concentrations of primary antibodies for immunoblotting were: anti-profilin-1 (1:5000; Novus Biologicals), anti-a tubulin (1:3000; Sigma-Aldrich, http://www.sigmaaldrich.com/catalog/product/sigma/t9026?langDen&regionDUS), and anti-BRCA1 (1:1000; EMD Millipore, http://www.emdmillipore.com/US/en/product/Anti-BRCA1-%28Ab-1%29-Mouse-mAb-%28MS110%29,EMD_BIO-OP92).
Gene differential expression analysis Gene expression (Affymetrix platform) and clinical data were downloaded from UCSC Cancer browser (version 2013-12-18), and a Welch Two Sample t-test was performed in R software to query the differential expression.
Immunostaining Cells were fixed with 3.7% formaldehyde for 10 min, permeabilized with 0.5% Triton X-100 in DPBS for 10 min before blocking in 10% goat serum and incubating with anti-PFN1 (1:200; Novus Biologicals) in 10% goat serum.
Cells were washed 5 times (3 times with DPBS containing 0.02% tween then incubated with secondary FITC antibody (1:100; Jackson ImmunoResearch Laboratories Inc., 111-546-144).
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